
.9- - - - ___- - - 
- - -

AD A058 362 SINGER CO FAIRFIELD NJ KEARFOTT DIV ~/9 I~ /2
AN6ULAR RATE SENSOR PROGRAM. CU)
DCC 77 J L EVANS. R E WEBER DNAOO1—77—C~ Qjli Q

UNCLASSIFIED Y259A061 DNA—4529F NL 

_ 
sum ru

I i  
_ mu____ou~iirN! -

/



1.0 ~~~ L
_ _ _  

L.L~ ~~

~

— I~

I . I

I 25 

~ ~~

\‘~ ~~~~~~~~~ ~~~~~~~~~



—= ~~~~~~~

—
~~~~~~~~~~~~~~~~~~

•
~~~~~~~~~~

- 

~~~~~~~ L
4 2~LEVEL~Z~ 

hD~:2O~~2~?

1: 

~ ANGULAR RATE SENSOR PROGRAM

The Singer Company
Kearfott Division

~~ 90 New Dutch Lane
Fairfield, New Jersey 07006

December 1977

3 Final Report for Period April 1977—December 1977

w
. ._J

CONTRACT No. DNA 001-77-C-0140

APPROVED FOR PUBLIC RELEASE;

I DISTRIBUTION UNLIMITED.

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODE B344077462 H11CAXSX3S275 H2590D.

D D C
Prepared for

Director 
I~

4 f SE P 1 1 9
~~~J~j I

DEFENSE NUCLEAR AG~~NCV 
~~~~~~~~~~ ISL)

Washington, D. C. 20305 B

~~ ~~ 
ii



—
~~~~~~~~~~~~~~~~~~~~ ~~_~~~~~~1 ~LSL~I~L ~~~~~~ ~~~~~~~~ ~~~~~~~~~~~~~

1 ’  1

I Destroy this report when it is no longer
needed . Do not return to sender.I t •

0 N 4

ii~~~~T~ 11 UIifl h[1JIIF1FI Jf~~~
j 1lflT~~li ~~ ~



— ____ ~ ~~~ — —

- 3,

‘ i j o r t

~~~~~~~~~~~~~~~~~~
SECURI T~~.,4~~.~4~5lrlCA TI ON OF IRIS PA G E  (671.,, 1).,. ~~~~~~r c I )

REPORT DOCUMENTATION PAGE B R M
I ~~~~~~~~~~~~~~ ~~~~~

‘- ---—---— _ ...--—--  ACC ESSION NO 3 R EC I P I E NT S  C A T A L O G  NUMBEN

~~~~~~~~ 
~~~~~~~ Fina~~~~~~t ,~~~~~~~~~~~~

_______________________________________ 
U ii r• N UN

~ ~~~~~~~~~~~~~~~~~~~~~~~ ‘T M B E R ( s ~

~~~~ ~~~~~~eber ~~~~~ DN(,~61~77~C.>81~~]
RFORM ING O R G A N I Z A T I O N  NAME AND A D D R E S S  10 PROGRAM ENT PROJECT TASK

The Singer Company, Kearfo tt Div ision” A R E A  B IT N U M B E R S

90 New Dutch Lane ~ 
NWET Sub

Fairfield , New Jersey 07006 I RI1Ic~~~~52-7!J
I I  C O N T R O L L I NG  OFFICE NAME AND ADD RESS I r e zn~ 1 Lcb

Director // Dec~~~ .. •77
Defense Nuclear Agency ES

Washington , D.C. 20305 54 ________________________
4 M O N I T O R I N G  A G E N C Y  N A M E  B ADDRESS (~f di l f e r .n I  Iron, C or It ro Ifln4 O f f i c e)  IS S E C U R I T Y  CLASS (of th,a r ep o r t ;

R ep o r t)  
-, 

I~~~~~~~E~~~~~~~ I~’ICA TION D OW N G RA D )N ~~~~~~

Approved for public release; distribut ion unlimited .

17 D I S T R I B U T I O N  STA T EM EN T  ( c c l  I?,. •h , r rac - ?  r ’rc ?~ r d  in PInc h 20 , If  d i f f e r en t  f rom Repor l )

16 S U P P L E M EN T AR Y  N O T E S

This work sponsored by the Defense Nuclear Agency under RDT&E RMSS Code
B344077452 H11CAX5X35275 H2590D.

19 KEy  W OR DS I ( ‘ ccc t g , , ,r on eec - p r oc  a i d e  If nec essa ry  and Id e n t i f y  In’ bl ock  number)

Angular Rate Sensor
Hi gh Rates
Hig h Shock Env i ronment
Lower-Power 

~~~~~~~~~~~~~~~~~~ c ~C ‘
~~~j~ i ’r ’~”~~~ f - .,

Wide Dynamic Range ‘ r

20 A B S T R A C T  ( Ccc f l f l n iw  on per.,... aide If nereaaety and , d r, , , , l c  hr b lo ck  number)

This project was a multiphased program . Its purposec Tuate the tech-
nology associated with the Kearfott Angular Rate Sensor ( KARS) and to verify
that it was at a level of development such that a production version could be
begun. The four phases of the effor t were :

(9 Analys is of operational requirements and their Impact on the design;

DD I ~~
uI
7 I  1473 EDIT ION OF 1 NOV 45 IS OBSOLFIE UNCLASSIFIED

SECU RITY C L A S S I F I C A T I O N  OF THIS PA GE (4~r.n Data F.,t.red)



- —V ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

UNCLASSIFIED
SECURITY CLASSIF ICATION OF THIS PAGE(WP ~.n Oat. ~ nt.r.d)

20~~~~~IB~cI_.{e~ntinued ) 3,
Perform design analysis for a design chosen to satisfy the specific
set of requirements arrived at~i —P4~a.ee-h.,.---

‘-(3) Define test requ i rements and data reduction techniques appropriate to
the des ign and the applicat ion. ~~~~~~

L~) 
Perform various critical subassembly tests.

These steps were completed satisfactorily. *mofi~~othar things_i ~he fol-
lowing major tasks wer~~ Qflip~eted: . 

-

-~~~~1.. A configuration of the 1(ARS satisfying the requirements as set forth
by DNA was analyzed and found to be sat isfactory.

~~ A test program was defined and a data reduction technique was
analyzed . c~,J

~~~~~~~~ yarious critical subassemblies were built and tested . The results of ‘

~~

‘ 
-

these tests verified the ability of the design to meet the environ-
mental and performance requirements in the specification .

- 

.‘ .. .

UNCLASSIFIED
SECURITY C L A S S I F I C A T I O N  OF THIS PAQF (W7,. n Data Ffltered



\
I’

-- —

PREFACE

This work was sponsored by the Defense Nuclear Agency under

Government Contract Number DNA OO1-77-C-0140. The

Contracting Officers Representative for work was T.E. Kennedy

of the Shock Physics Directorate, Headquarters , DNA
Washington, D.C. 20305. The authorization for this work

was DNA H11 CXAS , Task X352

as
c,. ~

.

1T~ 

WI .. •~~~daa . ,c.c

~~U AVML end/of

~~L .H

~78 07 H 059
_ _ _  _ _  _ _  ,__ ~~~~~~~~~~~~~~



______  

-
~~~~~ 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A

Conversion fa’tors for U.S. customary
to metric (S i)  uni ts  ~f measurement.

I F rom Icc  Hut I I~.I s- K)

,c cc I& ’ c l r c . c S  
- . 

“c - c , ’ ~~ (a)  . U))~) cOIl N E — h )  
— -

c t m c c a ) c l c , ’ c  c ~
, . ,c c c , c i )  I I cc  ‘ c c a c  c t  )hI’ ., ) 1.01 1 2”  K’ * .~

1’.t t  - i i . ’  c c ’,c l i ) Ic)’ ,, I 1.000 1))))) N ) 4 ,’

bo ric .u,I,l c’ Ic. ’ I I (i)))) ic ) ) ) )  S I — .14

I I ill I I  ) au )~~cc c ’ I , . c  I ccc l  I I  II )c . ’r,sc c .- Ic cm ) .  c i )  ) . ‘ c c  Ic - ) I I . ( ‘ c • ‘c) )  K c I

c l - i  c c ’ It  hc-tm,’c ’hcm t~
- i i )  ‘ c c l .  ( . 1 )  I, , IS •

i i  ) I ) c , ’ t ~~ c c I,C m l c . , t ) / n m~ go )..cci . ’ m’ NI .n 1 a l S o  c)) ) ) )  N S —~~

c c l  I , ’ i ) c . ,  , ; c c c c c  I ( I. ftc) ) I, ‘ ) ~) ) c ) c ) F + I

c , . ’ I .,cig I c - )  I c c )  IAII I . 1  I I . ‘ ‘c I.’’) N K — 1  
j

- I c  c c ’ .’ )‘cslc c . -c ~ Ic . ’ )  I cc  I . ’ . k, iv Ill 1+~ j i 
• 

( I  • I + -. c -c c , , ’ ) , . I . S

.‘ i c ’ , l t ’ f l  s c c ) )  cods  ) I )  I t’) ) .’ L I N E - I ’ )

c , -. - ‘ c c l , ’  I )  I )i)h,) 0) )) ) N F .1

c c  cl ac - c cOld ‘ i i  W) I . cl( S) 000 5 1 —7

I “ c ’ c  ‘ i  (ml - 1 c M  11 )1) F — I

I.cc . I -1 ioccccc l  I I . , -  . c c c l . ’ ( I )  1. IS ’ c  $114

g I l  1,111 1 . ~~. I c . ; c c . ) )  -‘ . , .  c Ia ’ ) I , $ a  -.U N K -

t t sch a. cc ;m ) .‘ . ‘ c ) 0)5) N I

- c t  ‘ i l i * ’  I I I . lOl l I(S) N I’ 4’i

h i  I c .g i ’ oln I I ‘ Kg I c c.h . c I h a n  c) c cc ’
c ) c a. - i h c - c ) I  , ) , ~ ~~~~) * 5  1.04)1) )i)l)I

k i t  c c l  ‘ c i a  ) c - c  c ‘ c c  l .a  * III )

hI p (1.11))) tha I I - c , c ’ ~~ I - ‘ ii ~Ni .c . , c i) .‘ .‘ I + I

Ic i p  io , I c  k 0 t )  h i ) , . ) i ’ c c  c i  c h i c ) S i c ‘ ‘ S K I

Ict .c ~’ ic-w i  , c 0 - ’ .c - c c ’ , c c ) / I t

)N ‘c c c ) I , O) ) I) , N I c )  1’ ’ ’

m t - c _ c ,  ‘ c ’ -  c l  (a) I _ c h Ic) 1)5) 5 K ‘1.

a l t  I c c - I  c - i  (Sc) .‘ . “ I I  c ) ~ )( I  ic F , cc,

a l t . ’  ( t n I e r t l o I  ) ‘ - c c l )  m . i . t  (a) I Sc ) ’ I  ) .. ,c ‘K F • )

c c i i , ,- I c ) i , ’c c . i c ’ c  ) k c ( )  ‘ ‘ 1 ) . ‘)‘i — I

c c c ’ 111.1 cs ’ ,’ i~ .1 c ( ’ . ’ I ‘c i  i ,WI  c~ )i ( N )  c . - , ,  II

) ‘ c ’ c c l c c l — I . i  Iii, ), cc - w i . ’,) 0 , 1 , 1 S’cn ) I I :‘c 14.14 5 K — l

) c c -,, - I c c )  Ic c - I c c  )S  0) I .  ‘ ‘c )  c ,i) N II

)‘c c cc i lc I I ’ i c c ’ ’ l c ’ c ’ I ‘ I,) c c ‘.c l c c .c I ) Ic ) ’ ,iI 4.  ‘5) )I,’h K K

lSdibocI - I ’ ’ i ’ 1 ’ ’ m n * -h ) )~ ‘. ) )  k i t , ’ ) ‘ c ’ c c i  I K I ’ .i ) o h , ’ )., 7 ’ ;

) cc ’ c c o c )  ccl., ..’. (11 c m . c~~. ’ c c c l c c ) c c c i  c l  k l t c c g c , i m  (k$) c . ’c I ’ , ‘c , . 5 I

c c c c c , )  a,, c - c ’. ) , ‘ , c I  (ctc ’ms’ict c l  0. - i l ) , , )  I c )  ‘ c ’, , ,  ccc ~~~’cc I c - c

I c c  ‘cc ,  ‘c - ‘‘ I  c 0 ) I  N I —

.c ’ i c i , c )  a, c . . I , c c ’ I  h i  ‘ c l  ii) 0 ’ )

( kct ’ m ’ c I tch ) M d c  ‘c I i c

fc *c I  ( I  ,lc) i l l  i cc,  d c c c , ’ l.a. , I h,’ c I 1 c~ ~~ I - c I c I ( l c ) 01)11 5 K —

‘ ‘ c a l l  g, ,~ , c ’ , c  I Icc), h i )  ‘ ci c c,,  i kg I 2 .  c l 1,, ) N ) - *

shake ‘.1 )1,1 ( a )  I , ) l ) ) 4 )  Ic ) , I N ) S

a l  c c g h i  ) ‘.; I ccc. (kg ) I - c ’~ ci ) ‘ ) ; h  ), ) I)

I ’ l l  ( alIt 114. hi” I’ )  h i ) , ’ c c - c. c i  (kPo) I. I I I  ~~ ) —

1 Ic. )‘c ’ c c ) c c c - t  c l  ( Ncj ) I ’ . tIc,’ K I c,nI I .‘I I., ) u i .  1 I c  I I  i- I tIq — I c’cc .’tc l a .
*511,, c l . c r  ( i l K ) I’ . 11cC 5% ,c , , I I  c c l  ,chaicrhrc l r.i,) c Il ) , ~ ) i .

A ~~c~~e s i .’)”  t i l ling c ’I c a c~c v , ’ i ’ s t c c f l ,  mclv Ice i c c i c i c c cl In ‘ ‘1,- I c )  I’c a c  I )  c , ’ c - l c  Id, . K I i ) ; ) - , ’
Aret i an Sc’ , 1,1cc lc d t,atlng and M,I I rrIoI ,.

r I  2

~

‘ ~~‘~~~~~~~~~~~~~~~~~~~~~~ -. - -— -—,~~~~~~~~~~ ‘~~~~~~~~~~~~~~ ‘ ~~~~~ c -~~~~



~a~~~ icj°°~~ ” i~~l: 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

-
~~‘ ‘  

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
, ‘

~~~~~~~

‘. 

~~~~~~~

TABLE OF CONTENTS

SECTION

I INTRODUCTION

1. DESCRIPTION OF REPORT 7
2.  BACKGROUND 7
3. OPERATING PRINCIPLE 9

II ANALYSIS OF OPERATIONAL REQUIREMENTS AND THEIR
IMPACT ON THE DESIGN 11

4. INTRODUCTION 11
5. DETAILED DISCUSSION 11

5.1 Resolution/Noise 17

III DATA REDUCTION CONSIDERATIONS 22

6. INTRODUCTION 22
7. SENSOR OUTPUT CHARACTERISTICS 22
8. UNCOMPENSATED ACCELERATION ERROR 22
9 DATA PROCESSING 24

IV DEFINITION OF TEST REQUIREMENTS 25

10. INTRODUCTION 25
11. TYPE TESTS 25

- 1 12. ACCEPTANCE TESTS 27

V CRITICAL SUBASSEMBLY TESTS 29

13. INTRODUCTION 29
14. DISCUSSION OF SPECIFIED TESTS 29

14.1 Thermal Subassembly Tests 29
14.2 Shock Tests 30
14.3 Temperature Tests 30
14.4 Vibration Tests 32
14.5 Calibrated Input 32
14.6 Multiple Pickoff Mode 37
14.7 Related Subassembly Tests 38

APPENDIX

A PRELIMINARY SPECIFICATION 45

~ 

. .. 

3



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ O0”~~~ ’al4~~~~~~~

LIST OF ILLUSTRATIONS

FIGURE

1 KEARFOTT ANGULAR RATE SENSOR 8

2 KARS UNIT - CROSS-SECTIONAL VIEW 12

3 KARS BLOCK DIAGRAM 18

4 FLUX DENSITY VS GAP 20

S MAGNET AND PICKOFF DESIGN 21

6 , RECOMMENDED KARS TEST PLAN 26

7 SHOCK TEST 31

8 ENVIRONMENTAL EFFECTS - KARS OUTPUT VS INPUT RATE
10Hz AFTER VARIOUS EXPOSURES 34

‘ 9 KARS - INSTRUMENT SCALE FACTOR VS VELOCITY RATIO 35

10 KARS - LOW FREQUENCY CORNER RESPONSE VS VELOCITY RATIO 36

11 KARS - FLUX DENSITY VS GAP SaCo 1/2 SQUARE 39

- 1 12 KARS - FLUX DENSITY VS GAP SaCo 3/4 SQUARE 40

13 KAR S - FLUX DENSITY VS GAP SaCo WITH FLUX INTENSIFIERS 41

14 SHAPED MAGNET ANGULAR RATE SENSOR DNA 42

15 KARS - FLUX DENSITY VS GAP SHAPED SaCo MAGNETS 43

- - . _--



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ —---- —-‘-— ~~~~~
‘.
~~~~~~~~~~~~~~~~~~~~ k- ”-I ~~~~~~~~~~~~~~~ - 

~~~~~~~~~~~ 
- ~~r”’ .

- - — — — - . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
‘.
~~ . - ~~~~~~~~~~~~~~ -~ ‘v~ a-’- “ ‘ ‘ ‘ ‘ “°‘~~‘I

LIST OF TABLES

TABLE NO. DESCRIPTION PAGE

- 
1 KARS INPUT REGIME S 16

- 
2 TYPICAL TEST LOG 33

3 ADDITIONAL PICKOFF MODE 37

5 



_____
~~

I

SECTION I

INTRODUCTION

1. DESCRIPTION OF REPORT

Th is report is the f inal  report on a contract whose objective
was to determine what was needed to bring the Kearfott Angular
Rate Sensor (KARS) design to a state of readiness for production
for use by various DNA field contractors. The tasks considered
in the performance of this contract were:

1. Analyze the operational requirements and their
impact on the KARS .

2. Perform a design analysis on the KARS to make it meet
the operational requirements of the specific mission

- I analyzed in Task 1.

3. Outline a test progran~ that provides reasonable
assurance that a successful component will also satisfy
the operational requirements of DNA.

4. Define a data reduction scheme that optimizes the use-
fullness of the KARS output data ,

5. Perform certain critical subassembly tests required to
define the KARS ability to satisfy DNA requirements.

In the following sections of the report , each of the 5 Tasks
above will be addressed . Tasks 1 and 2 were combined . Both
cover the same material from different viewpoints so no detail
is lost. The output of Task 1 was intended to be a draft of a
product specification (it is included as an appendix to this
Report). The remaining three items are covered as separate
sections of the report.

2. BACKGROUND

The KARS is basically a damped angular accelerometer. Its
physical character is shown pictorially in Figure 1. It comprises
a conductive liquid anriulus (mercury) positioned in the gap of a
permanent magnet. The conductive liquid is held in a disk-shaped
insulating housing. Upon application of an angular input to the
case , the liquid annulus initially tends to remain immobile. The
relative motion of the liquid to the case is sensed by measurement
of the potential generated in the liquid as it cuts the lines of
force of the permanent magnet. The potential is measured on two
electrodes submerged in the mercury (not shown).

- - -~~~~ - . _.
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t

I t  is i n t e r e s t i n g  to note t h a t  t i e  device  is t o t a l l y  s el l
Lje ne rat . 1 n~ in t e rms  c ’ 1’ o u t  p u t  . No } c o w t ’l source is ~~~ I red in  i t s

- , fu n c t i o n . The energy  us c,’d in  gt ’ l ik ’r a t i n ’.: o u t p u t  p o t e n t i al  is do —
u~ ved soiei y f r o m  the sensor mot ion . An amp l i f ie r  is used fo r
S iqn ~ 1 enhancement  ~ o iill p r o v t’ th~ Si qn ~ll — t 0 — I S O  i st r a t  io 0 t t ht a th ’— $

s’ico in the low—rate req lo i s ;  and , when i ’U t t or  ing  iS d s  1 red , to
p e r m i t  m i x i n g  of s i g n a l s  in the  c o n t r o l  sy s t e m •

The KARS is an u n c o n v e n t i on al  in e r t i al  sensor J O s l O n e L i  t o
prov ide dynamic  ra te  i n f o r m a t i o n, I t s  p r i m a r y  a d v a n t a g e s  over
c o n v e n t i o n a l  i n s t r um e n t s  de r ive  f rom t he  fa c t  t h a t  i t  has  flO S p i l l—

n i ng  wheel  assembly  to wear  out and r e q u i re s  :io a c t i ve  v o l t a g e
source t o  o p er a te . A 1 i st  ing of i t s  sp e c i f ic  a d v an t a q e s  f o l  l o w s :

• Zero r e a c t i o n  t ime in the  norma l MIL -Spec  e n v i r o n m e n t s

• No t e m p e r a t u r e  S e i S S it i v i  t V c,~z ro r  c oe f f i c i e n t

• C~Ip ~1hlt) of sus t  ~s i n 1 n g  ~si .~ih  shock  lo a ds  w i t h  no dciin.i ~~c

• M i n i m a l power d i s s ip a t i on

• Very  long ope: a ti n g  l i f t ’

• Low cos t .

3. OPER A TIN G PR IN C 1PL I - :

Tile c on d u c t ive  1 i q ui d  r i i s ~ used i n  t h e  N A R S  assembl y a ct s  aS
a lumped i n e r t i a  c,’ l c .’mt ’n t  v i  s co us l y  1 i ,n k e ~1 t~ t h o  i n s t r u m e n t  h o u s i n g .
The di f f er en t  j ‘.11 t c Gu ~1 t 1011 desor  ii ’  i n~ t ie ‘ io n  of such a sy s tem  is
g i ven  in the  f o l l o w i n g :

+ = ( 1 )

where :

= A n g u l a r  respon se of t he  l i qu id  r i n g  ( r a di a n s)

= Angular input t o  t ho i n s t r u m e n t  case (radians)

I Moment of inertia of the liquid ring ( d y n e  cm

D = Viscous damp ing c oe f f i c i en t  (d yne  ‘ cm, s)

The equation governing o u t p u t  vo l t~lqe is :

e0 = K 
~~~~ 

— . ) ~~) ( 2 )

where k Magnetic oenerator constant (
V s )
rad

= O u tp u t  vol tage

~~~~~~~~~~ 

~~~

-

~~~~

-

~~~~

-- 

p

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~ J l ~~
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I )

Solving for O~ in the Laplace domain yiold~~:

— 
k ~~(s) (3)o S+ (I )~ ‘

wht ’ro

~ 0/1

S — Laplace operator

For the f requency domain wher e  S ~~~~~ 1: luat iol l  3 r educes  t o :

k -S--~~ k ~~. (s )  (4)

S i m i l a r l y  where S~

I’ — ~~ ~~~ 
( a )  

(~ i )
111(5

It I s ’en t rom E quat  ion 4 t h a t  the  ou tpu t  v o l t ag e  11; a measure
01 input rat e ri l ie h ig her  l r ’cquency domain ( i . c’ . wher e 11 ( 5  8)
On t h i s  basis , it I s dos i iah e for ( tI I O ) the corner  I r ( ’qut ’Ilcy to lie
as low as possible and t herelsy L s i o a d e n  t he range of rate meanurement
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SECTION Ii

ANALYSIS OF OPERATIONAL REQUIREMENTS AND THEIR
IMPACT ON THE DESIGN

4. INTRODUCTION

The KARS application under study in this effort has several
features that have a major impact on the design . They are listed
here and discussed in detail item—by—item below:

1. Surviva l of a 10 ,000—g 3—millisecond half-sine shock is
required .

2. Survival of exposure to a temperature soak anywhere
between -29 and +71 degree C is required.

3. Operating temperature will be relatively constant so
that dynamic temperature condi tions need not be
considered .

4. Survival of a MIL Spec vibration environment is required .

5. Two different performance regimes are required . The chief
distinguishing factor is that the maximum input rate is
either 10 deg/sec in regime A or 30,000 deg/sec in
regime B.

6. The required resolution is 2% of full scale.

7. The KARS output is not used in real time. It can be re-
corded and processed when convenient .

8. The required bandwidth is 500 Hz for regime A; 5000 Hz de-
sired , 2000 Hz required for regime B.

9. The scale factor is to be such that full s ale is 5 volts
in either case. Many other requirements exist; however ,
they are of a routine engineering nature and need not be
discussed in detail,

5. DETAILED DISCUSSION

The survival of a 10 ,000—g shock determines the mechanical
conf iguration of the KARS. When the acceleration vector lies in the
plane of the ring it produces a peak hydrostatic head of 15 ,000 psi.
The mechanical structure must be capable of restraining this pressure .

Figure 2 is a section through a design of the KARS that
analytically meets this shock requirement. The basic concept is to
make the KARS sensor out of a strong insulator such as a plastic that
is also compatible with mercury . This eliminates any electrical

11 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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j problems relating to shorting the mercury to case ground , and also
eliminates contamination of the mercury. This plastic structure is
not sufficiently strong to sustain the 15 ,000 psi; that is accom-
plished by potting the plastic into a strong steel container. This
container has been analyzed on a worst—case basis , assuming a uni-
form 15 ,000 psi pressure within the mercury rather than  a gradient.
It survives this condition with maximum stresses at or below 80,000
psi. This range of strength is easily achieved in a variety of
stainless steels without heat treatment; wit.t heat treatment , double
that strength can be achieved .

The following discussion gives the details of the analysis.
The assumptions are:

1. The pressure is uniform throughout the mercury.

2 . All structural loads are carried by the metal outer
structure .

Due to symmetry , this structure could he modeled as a cir-
cular plate , with a circular hole , both edges supported and fixed
with a uniform load (the internal pressure) over the entire surface
as shown schematically below .
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The l imiting stress , shear and deflection can be calculated

from formulas  g iven in Roark l”ormul1is for Stress  and St r a i n , McGraw
Hill (Case 77 Page 237) 4th edit ion .

Maximum stress occurs in r a d i a l  d i ? e ’ct iOf l  Sr —

: 1 1  1•~a 4
Max imum de f l ec tion y — —
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Edge shea r per linear inch V = K~a

for our case a/b = 1.78. The f o l l o w i n g  coefficients are tabulated
in Roark.

~3outer = 0.0855

i~inner = 0.1097

K = 0.1913outer

K. = 0.2545inner

= 0.00137

12 ,700 psi

Using an ultimate tensile stress of 100 ,000 psi , E 30 x io 6 ~~~~~~

and a safety factor of 1 .5/1 , the material thickness can be deter-
mined f rom the worst case condi t ion (inner wal l ):

t V’E3~ /sp (6)

(0.1097) (12 ,700) (1.5) (1 .3) = 0.188 in.
(1 x 10~ )

the deflection is

awa 4y =
Et 3

— (1.37 x 10~~ ) (12.7 x 10~ ) (1.5) (1.3)~y —  6 3(30 x 10 ) (0.188)

— 4 .
= 2.88 X 10 in. ! -

-~ The shear stress would be minimum at the outer edge.

-‘1 Kea

4 (0.1913) (12.7 x 10~ ) (1 .5) (1 .3)
0.188

= 25 ,200 psi 
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The longitudinal and hoop stresses at the outside edges can
be determined from thin-walled stress theory. With a 0.190 in.
thick wall , the levels are 34,600 psi and 30 ,950 psi , respectively.
The stresses calculated are based on conservative models and will be
used as design criteria for the evaluation units. They result in a
combined stress below 80,000 psi and are considered acceptable.
A sketch of the crossection of the unit is shown in Figure 2 with
typical dimensions.

The wide range of temperature soaks also produces a stress
condition because mercury expands much faster than most sol ids.

The approach settled on is to use the “0 Ring ” seal which is
required for sealing purposes as the compliant structure which pre-
vents thermally-induced pressure buildups.

Volumetric calculations show that a radial deformation of the
0-ring of 0.001 in. is sufficient to accomodate the expansion re-
quired by the thermally-induced bulk modulus effect on pressure .
Based on manufacturers compatibility charts , a Nitrile rubber
(Parker Seal Company compound N674-70 Buna N) has been selected .

A typical breakaway friction force level permitting the
0-ring to deform would be 110 pounds. This is based on manufacturers
supplied data , and a static face seal configuration . Pressure forces
available at 2000 psi (basis for friction force calculation~ would be
1230 pounds so there is ample force to overcome the friction and de—
form the 0—ring . An additional benefit is derived through bulk
compression of the 0—ring under pressure. Extrusion of the 0-ring
is prevented by the line-to—line fit of mating surfaces in a static
face seal.

A further advantage of the 0-ring configuration is found in
its capacity to absorb acoustic energy . Acoustic noise generated in
the mercury will be attenuated by the compressibility of the 0-ring .

The operating temperature is considered to be relatively con~-
stant for several reasons:

• The KARS is relatively massive in itself and it is usuall y
anchored to relatively large masses which provide therma l
inertia. Since the time of actual use is very short , a
temperature change in that period is unlikely.

• The KARS is mounted in the test structure for a relatively
long period of time before use, usually days. Thercfore ,
it has achieved thermal equilibrium with its surroundings.

• The power dissipation within the sensor is nil. There-
fore, operation doesn ’t produce temperature variations
within it. On the other hand , the electronics consumption
is expected to be in the order of 2 watts. This is con-
sidered small enough to be ignored since they arc outside
the sensor package.

15
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As a result of this favorable therma l configuration heaters
and t emper atu ;e  controllei s are considered unnecessary in the design.
Also special insulation is also considered unnecessary.

The vibration requirement is of the transportation survival
type. The operating environment doesn ’t produce a sinusoidal input
to the sensor. By its na tu r e it contains shocks rather than a
ring ing type motion. As a result no special vibration isolation is
required . On the other hand , vibration tests on a model of the KARS

— show no output for linear vibrations of 5 g ’s in. below 1100 Hz.

The scaling , bandwidth resolution and processing of the KARS
output in this specific application are not easily separated . They
involve the electronics design and some mechanical considerations ,
and the fact that the data is not used in real time . The following
discussion explains the approaches taken.

There are two distinct sets of input conditions which the KARS
is expected to experience. They come about because it is desired
to instrument two distinctly different phenomena . The inputs are
tabulated below .

Table 1. Input Regimes

PARAMETER REGIME 1 REGIME 2
(COND A) (COND 13)

Maximum input rate ,°/s 10 30 ,000

Bandwidth ,Hz 500 5,000

In the interest of minimizing the inventory of sensors re—
quired and reducing the possibility of improper selection , it is
desirable for one sensor to be capable of instrumenting both
input regime;. This does not pose a formidable problem . Unlike
rate gyros where maximum rate capability is ‘inherent in the mechan-
ical design , the KARS has no mechanical restriction on maximum rate.
Therefore , the problem in perfo rming in two regimes is electronic
in nature.

The problem is twofold . Scaling must be adjustable to give
5 volts out for either 10°/s or 30,000°/s. A low—pass filter corner
of 500 Hz is required for the former , and 5000 Hz for the ratter.
The first thought was to provide adjustments in the form of external
buses that connected the correct gain set and frequency corner
var iations. Upon reflection , however , this is not the best approach.
It is need lessly complex and , in use , has inherent possibilities for
errors. It is almost certain tha t , eventually, some improper
permutation of the bus connections would be used . 
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The simpler scheme is presented here. It takes
advantage of the fact that the KARS output is not used in real time ;
ther efore , the filter corner can be set at  5000 lIz. Any data
produced in Regime 1 can be reprocessed through a 500-Hz filter at
the users convenience. This reduces the problem to providing the
correct gain to output 5 volts t o t  either a 10°/s or 30 ,000°/s input.
This is accomplished by staging t he  gain on the correct multi i’les.
In this case , assuming the output at the terminals of tile sensor
p acka qe is 4 ~V/°/s, the gains are readily calculat el . In or d e r  to
output 5 volts for an input of 30 ,000 0 s, a gain of 41.6 is re-
quired . In order to output 5 volts with an input of 10° s, an
additional gain factor of 3000 is rejaired . Therefore , an amplifi er
package with a gain of 40 followed by a unity gain 5000 l I z  low—pasI .
filter , and this followed by a gain of 3000 can satisfy the q a i n  and
bandwid th  r e q u ir e m e n t s  of both regimes.

In summary ,  the KARS connector will have 2 outputs. One will
I I be low gain , 40, and a low pass corner of 5000 Hz. The o t h e r  will

be high gain , 120 ,000, and a low pass corner of 5000 H z .  The user
has the option of recording e i t h e r  or both signals and can also , if

I 
I desired , reduce the bandwidth by further processing after the fact.

- 1 Figure 3 represents the system schematically.

The resolution of the KARS is a function of noise on its
signal and the i n t r i n s i c  gain of the sensor. In order to achieve
the design goal of 2. l i  of full sca l e , it was necessary to take
speciiic  steps to red uce the noise and enhance  the intrinsic g a i n .

5.1 Resolution/Noise

An~- 1 ysis 01 the KARS revealed only two signit icant noise
sources. They were the vo ltage noise in front end of t h e  input
amplifier and the Johnson noi se in the current flowing in the  mer-
cury ring . The latter was in the order (1 10— 10 volts and could be
disregarded . The former , however , is large in most amp lifiers and
a survey of a v a il a b l e  amp l if icrs was undertaken. The result was
selection of the PMI SSS 7 2 5  Instrumentation Amplifier.

The noise v o l t  a l e  for the PM1725 Instrumentation Amp li l icr
is determined from the equation :

N = (‘.8 1(1 .5 in f 2 ;t 1 + f — f 1 ) 
1/.

N RMS Voltage Noise in nanovolts

= Low frequency corner

f2 ~ High frequency corner

For the design goal of 
~i — 5000 Hz , f2 = 0.01 Hz , we get I

N = 0.48 microvolts. For the design goal of f 1 = 500 Hz , f2 = 0.01 l I z ,
we get N = 0.016 microvolts. Both clearly dominate the sensor packaqe
noise and therefore , define the threshold of the instrument.

iii-
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Using a scale factor (at the terminals of the sensor package)
of 4 j.iV/°/s, the threshold is 0.12°/s for the first case and 0 . 0 0 4 ° - s
for the latter. .

Since full scale for the worst cast’ is 10°/sec and assuming
that the minimum detectable signal is the RMS noise level we get t he
threshold of 0.12°/s/10° - sec or 1.2% which satisfies the design goals.

Special e f f o r t s  were needed to achieve the design scale
factor (at the terminals of the sensor package) of 4 microvoitt; h e i f
sec. These were based on an analysis of the basic pickoff equation .
The KARS pickoff consists of two electrodes submerged in the
mercury separated by a distance , L. A magnetic field ot tiux uensity,
B, is oriented perpendicular to the tangent of the mercurys path.
When the case moves with a velocity, V , relative to the mercury, a
voltage E appears across the electrode according to the to l l ow i n g  law :

l-: = BLV

Two options are available , increase 13 and increase \‘. both
were exercised.

The original KARS pickoff emp loyed two samarium c i a l t  magnets.
They were in the readil y available form 01 3 4-X 374—X h- —i: l ee-
tangular prisms . Operating over the norma l range ot  cleatances tound
in the KARS design they produce flux densities in the k i 1 oqau~~’; i t i t i t ’ .

Figure 4 is a flux density vs gap curve for those magnets.

Two design refinements are used to o p tim i ?e  t i u x  1~~;~s i t v .  I i r st ,
a r eturn  path of sof t  i ron is planned . Th:is w ill complete the mag—
netic circuit between the two magnets , enhancing t he  flux density in
the gap and reducing s t r a y  f l u x  near  the instrument. The ot her change
is to shape the magnets to concentrate the flux in the vi cinit y ot the
electrodes.

- 
Figure 5 illustrates the concept of the shaped maqnets.

It is a schematic view of the venturi throat and magnets of a
typical KARS. The magnet spacing is typically 1/2 inch which results
in a flux density of 2,500 gauss.

It demonstrates advantages of the shaped magnet. The flux
density in the gap and , therefore , the scale factor is increased tor
two reasons. First the shaped pole face tends to concentrate all the
flux passing through the magnet over a smaller area . Second , because
the width of the magnet is reduced , it becomes possible to partially
bury it in the venturi throat. This reduces the reluctance ot the gap .

The venturi throats locally increase the velocity of the mer-
cury in the vicinity of the pickoff. Several models were built with
various throat ratios. lip to a point there exists a clear relation-
ship between throat ratio and scale factor. (This is discussed in
detail in part 5 of this report.) At this point , it is sufficient t o
say that the combination of venturi throats and improved magnet design
make the  achievement of a scale factor of four microvolts-deq;sec a
certainty at the terminals of the KARS sensor.

19
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SECTION III

DATA REDUCTION CONSIDERATIONS

b . INTRODUCTION

In the specific mission under consideration , the anal ysis of
the KARS output can be performed off line . Speed and phase shifts
in real time are of no consequence.

It is important only to recover a faithful analog of the input
angular rate. This objective is complicated by certain pecu’iarities
in the KARS transfer function . This produces some contamination of
the rate data with signal proportional to angular acceleration . In
the following discussion , this mechanism will be defined and a rather
simple correction scheme will be presented .

[1: 7. SENSOR OUTPUT CHARACTERISTICS

voltage output of the KARS is proportional to th e difference
between the angular velocities of the case (including the probes and
magnets) and the mercury ring .

eo = K s (
~ c~~~

O
~~
)

The viscuous torque acting on the mercury can be equated to
angular acceleration by its mass moment :

D S ( t ~ — :~~~) ~c ~
- m

Combining these equations we have the voltage output expressed
as a function of the case angular velocity:

e0 
(s) = K 1~~~s 

[st~~(s)]

Here, r is the ratio J/D and it is clear that high frequency
response is proportional to case angular velocity , while low frequency
response is proportional to case angular acceleration. The KARS has
a corner frequency of 0.05 Hz or 0.3 radians per second .

‘F 8. UNCOMPENSATED ACCELERATION ERROR

Unprocessed raw data that are recorded after passing through a
low pass filter to limit high frequency noise will exhibit a net ac-
celera tion error , so-called because of the instruments sensitivity
to acceleration at very low frequencies. Starting with the output

5e0 (5) = K 
+ ~ 

(s) (a) 1 -

T

22 ~~~~~~~~~

_ _  - - ZL I



— - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~~~~~~ . -‘~~~~~~ 
-- ‘

~
‘iT’

~~ Ti ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ iiT~~~~~~~~~:T:-’

expressed in Laplace notation , it is necessary to model an input
signal that characterizes the main features of the angular velocity :

(t) = We 2t (1 — e 250t) (b)

Peak value of wc (t) occurs when t = 0.026 seconds and has the
value 0.62 W. The maximum level of angular rate is specified as
10°/sec and here it has a rise time of 0.004 seconds with an estimated
decay constant of one—half second . Taking the transform of c~ ( t )
we have r 1  1w (s) = ~~ 

~~ 
— 

s+252

If a~ (s) is substituted into equation A the ins trument  ou tput
e0 (s) can be inverted to yield e0 (t). But we are concerned here
wi th  the error r a the r  than e0 (t) itself and express that error in
Laplace notation ,

c(s) = K (s) - W

K [  
1 

1 
1 1(4)W

[(si-2-) (:~i-2) (s+—) ( s + 2 5 2)j  -

Now take the inverse Laplace transform (with ~~- = 0.3 rad/sec)

r — 0 . 3 t  — 2 t  — 0 . 3 t  — 2 S2 t  1
E ( t )  = K L eT 7  - ____  - + 251 .7 

J( 0.3)w

Cc)

= K [_0.175 e
_0
~~
3t
+ 0.176 e

_2t — 0 .00 1  ~
_ 2 52 t  ] w

The last term in brackets must be less than 0.02 to meet the
instrument specification of less than 2 percent error. Computation
shows a maximum rate error in excess of 40 percent in the following
error table of transient angular rate. Maximum range is proportional
to W so that percent error is unaffected by sensor range .

~
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nate Error vs ‘r i me
t Error~~~ W

0 :;t’cond:; 0 tiog roes per nt’t’/max 0 m o e
0 • 1 seconds 0 • 1 deg iee s per sec/max °/ see

0.25 second:; 0.306 degrees per sec/max °/sec

0. ‘~ seconds 0. 403 degrees per see -‘m ax  ° / see

1 • 0 seconds 0. 2 (~ (1 dog roes })eF sec -‘max o ,~ ~~
1 . ~ second :; 0. 1 3 degree:; i’ei St’c iflaX°/ SL’c

2 . 0 seco id: ; 0. 0580 degrees pel- see /m ax  0 (sec

5.  (1 seconds 0. 0002 degrees por no e,— max °/sec

C i early, th e dat .i must he ptoct’ssed . The sensor chai-actcr m t  t o

compensated readily by pi-o~’ort;onai p lus  i n t e g ra l  means t h at  a re
essentially exact u s i n g  t h e  funet lOfl 1’ act ing on the ;;ensor I tati: -;t orm :

so tha t

I s

It can be shown t h a t  uncompenn.- i t otl aii ’lul.:t t a t e  m e a su r e m e n t
- 

- 

or? or:; reach and exceed 2 percent at I )- I~(1 Ii eneit’ :; of 1H ll~ and below .

9. DATA PROCESSING

Low noise at  t he  input to the o p er at  i ona l  amp i i t  ier  obviate:;
the need for a sophisticated filt et I o opt in: i ;e dat a : ~~~~~~~ . rh i
means , also , t ha t  r e co r d i  t:q of t he raw d a t  a a viabl e lu o e e d ur ~’
followed by of f — l i  I:O processing. Whet her ot not  t h e  KARS o:It put is
h an d — l i  ml  ted , it would be both p t u t l o n t  and s imple  t o  i nset t- band—
pass filters in front of the record i ng equ ipmen t  w i t h  c u t  —of  fs at
about S k l-l z lot the high bandwidth application and 500 Hz for
th e low bandwidth application. Subsequent processing will be necea-
sary s i n c e  t h i e t e  Is ~-i si g n i f i c a n t  er r o r  due to acr e l er at -  ion  in  the
f requency  range below the i nst rumen t  co rne r  fr e q uen cy  of  0.0’s l i z .
It wa s shown that mixing the di teet signal wi th It:; integral can
y ie ld an exac t  fept - esentation of angular r a t e  at low f :e q ue n c  ies 50

ha t the o n l y  ott ot cone(’% t:s ti’e at ’euraey  of t he model  s a n l
t ho mat rl:inq I i i t el 1 + 1 s+1 /
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SECTION IV

DEFINITION OF ‘VEST REQU I REMENTS

10. INTRODUCTION

A sat isfactory test program is one that domonst i ~it Os t h a t  a
device can perform its mission satisfactorily and cal illiata ss tue t i e —
vice so t h a t  i ts ou tpu t can be properl y interpreted . Type t e s t s  n et d
be performed only on selected units demonst rating t h a t  certain dl ’S
criteria have been satisfied . Other tests must be i t !  formed on t V t 1 y
instrument e i ther  for  cal i b rat  ion purposes ot because i n~tt Itt ~uat ’y Won 1 ~i
produce a catastrophic failure.

The d iscussion of the test p l an  w i l l  s t a r t  w i t h  t y p e  t i - , t s .
The ass ignment  of a test  to t h i s  category is hase.~i on eng fleet ing

~udqoment and the desire to avoid r e p eat i n g  tests which ai e not  t X -

pected to y ie ld s i g n i f i can t  r e s u l t s .  On the ot her hand , sh ou l d  t y p ’
t e s t ing  reveal unexpected problems or r e s u l t s  i n c o n s is t e n t  w i t  ii
e x i s t i n g  under s t and ing  t lia t test  wou ld  be pert orn:e~i on ~ v~’i V U t :  it

- 

I The tes t  plan is summa r i ~ed i n Fi g u r e  6.

ii. TYPE TESTS

In the case of t he KARS , type t e st  i ng on so 1 oct etl unit s i

recommended for  the f o l l o w i n g  pa ramet er s :

1 . Low Frequency Corner — This is the I requency a snoc i at ed
w i t h  1/i in E qua t ion  ( 6 )  in section . T h u p at  ~:met et

— i s  a f u n c t i o n  of tile i n e r t  ia ot t u e  mercury, it i s _ i s —
soc i a ted vi scou s drag , edd y c ut  tent ~i r ag  i’ ~ o~l need I I \ I he

- 
I mag ne ts  and drag e t f e c t s  produced i y tlit’ v e n t  n i t  sect I ::: .

I I is Ull 1 i kely t h a t  a n y  of these p ar a m e t e r s  c o u l d  c han g e
enough as a r e su l t  o t t o l e r a n ce s  t o  have  a si qiul ~ i can t
et t e c t  on : . Also  i t  ~~S u n l i k e l y  t h a t  a c a t o s t rop h ic
I a i l u re  could occur w i t h o u t  be ing obvious during ~~~~ i i  —
11! at i o n .  The re fo re , t ypt ’  t es t  ing i s  i nd i cated fo r t h i
pa r ameter.

The spec i f I c t e s t  in Straight forward . The KARS output
Signal i ssue~i t o  fo rm a l i s s a  jous  p a t t e r n  w i t h  I he
tachometer  o u t p u t  of  the a to t ~~t : i t  . Then the  f t  equt ney
is  var ied u n t i l  a 45—degree phase shift is d e t e c t e d

d e f i n i n g  the low corner frequency .

2
• Electronics Sensituvit~ to Supply Volta~ e 

— This chiarac—
Lo r i s  t ic  of the amp] i f~er des igi~ is easily cent :  o I l eti .
It is not likely to be unsa t  i sfactory in a w o r k i n g  amp—
lifier. Consequently ,  it is s u i tab l e  for  type test m g .

$ The test itself is to measure  the inst r u men t  sca l e f a c t o :

~LI 25
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at a conveniei: t frequency (n ear  2 () l i z )  w i t h  the t mjl i t t t ~ t

supply voltage at the h ig h and low extremes. These
values o f scale fa cto r are compa: cci w i t h  t h e  ca l  tL>rate sI
scale factor.

3. Weight — The sensor weigh t is not a c ti t i cal pa ramet c t

nor is it l i k ely to vary  s i g n i f i c a n t l y  f rom u n i t  to u n i t .
Consequently, this parameter i s  type tested . The w e i g h : —
ing means is a conventional platform b al a n c e .

4. Temperature Survival and Operat i n~ and Therma l  Sh ock -
The temperature survival test verifies [he dcsT~ n con-
cept associated with the compliance of the 0—ring as
discussed in Section 2. Once the design is established
and ver if ied , failures not detected in shock , vibrati on
and routine handling are unlikely. This is also tr it e ’
of thermal operating tests which require a sl i gh t ly
smaller temperature excursion. The thermal shock t e sts
involve relatively slow changes in tile mechanical }‘rope’U—
ties of the sensor as a result of its relatively large ’
heat capacity . Therefore , this test will also be c o n s i d e red
as a type test.

All therma l tests will take ’ place in s tandard  env i ronmen t  a I
chambers. The operating test wi~~l invo l ve nio,isurements of
the noise level and l)ias level at the extreme temperatuie’s
and other temperatures as needed . Measurement of scale’
factor at temperature extremes is extremely involved be-
cause conventional laboratory test equi~’nieiut will not
function. Development of effective test equipment is net
practical , although it is possible.

5. Magnetic Sensitivity — The magnetic flux density in ti e ’
KARS pickoff is quite high , over 1000 gauss. The scale
factor is linearly proportional to this parameter; t hiete ’
fore , variations in the local magnetic field consistent
with terrestrial variations are unlikely to have any ef-
fect. Consequently, magnetic sensitivity is a reasonable ’
choice for type testing. The specific’ test will be a
measurement of tile KARS scale factor on a rate table in
the presence of a set of llelmholtz coils.

12. ACCEPTANCE TESTS

The following tests are ’ recommended to be ’ performed on e’Ve ’i~~
deliverable unit.

1 . Scale Factor, Gain1 Resolution — These ’ t i u t e e  p a r am t ’t  ers

~~e measured while operating the KAR S en a precision
rate table . The instrument should be c a l i b ra t e d  at a
standard frequency in the order of 10 Hz. I t  should  also
be checked at the maximum frequency available ’ on th e’ tab le
and a frequency in the eider of 1 lIz . The two ga il l  set t i tug

17
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1
.:ie e v a l uat e d  as pa r t of t h i s  meas ur emen t • I t  t h i e ’  n o ise
level is  a lso measured a t  t h i s  t i nie the resol Ut loll cat:
be calculated .

2. Bandwidth — This  is a ~‘ure ’l y elect rical parameter. it is P
evaluated during t li e ’ ele ’ctronics ch:e’ckout

3 . V i b r a t i o n  S u r v i v a l  — T h i s  is a good t e st  t o verity the
abi 1 it y  of the KARS to withstand norma l i : . indl ing . It
a 1 so weed s out a var  it’ t y of potential problems inc 1 ud i sq
loose screws , poor solder joints , etc. The ’ specit cc test
is M I L  Standard 810—C , Me t hod 514 , Figure 514.2—7 Curve
AV t or a 12— m i n u t e  I eq.: r i th m i c  cyc le

4. Maximum Input Rate — No good test is a v a i l a b l e ’  tor ~0 , 000
deg/sec. This value is 2 o r d e r s  of m a g n i t u d e  h i ghe r t h ua n
can ~~ ach ieved on Keartott rat e ’ tables. However , when
considering the operat m g  principle of KARS it becomes
a p p a r e n t  t h a t  pe r fo rmance  is  best for hig h rates ,:t:d I re ’—
quenc ies. Under these c o n d i t i o n s  the mercury beh :aves as
a rigid body. No v i scous  e’f f e c t  influences its Vt ’ 1 ed t y
p rot  i 1 e’ . Thcreteure , t hue ’ output should he directl y pro-
portional to rate.

The only test t ha t  is possible requires the  a ssoc i a  ted
test equipment  to be built. In this approach , t h e  rate
sensor will be mounted on a s h a f t  which in t u rn  is
moun ted on bearings. A potent i ome t er is mount  ed on the
sila t t - Tue sha ft is ret.: ted vigorously through a small
angle it: to a st o p  - Then the outpu t of t he KARS is corn —
pa i- cd wi t hu the  c u t  f e ren  t i at  ed output  o I the  po ten t iometer  -
I t  in  e s t imated  t ha t  ra tes  in the order  o 1 1000 deg - s ec

cat: be ac h iev e d . The d i f f i c u l ty is t h a t  tile ( l i t t e r —
entia ted poten t iomete r  ou tput  may be too n o i sy  to permi t
c(-Irnp.u t i son t o wiL l :  in 2 ~~ However , tI: is approach  should
expose’ any gross t i e ’ fe ’cts

5. Mechanical Shock — The nec-hattie.: 1 shock requirement of
10 , 000 g is the most  i mportant ne n—performance den i g n
requ i rernen t imposed on t h e  KARS des iq t: . I t  a 1 no seems
to he t lie ’ most likely Source’ of f a i l u r e ’ • There fo re ’ an
e f f o r t  should  he made t o  I est  e’Ve’ry Unit as near as
pos sib l e  t o  that r equ i r emen t

The bent .:v,i il.: h 1 e connie’ i c  ia I t e ’ S I eelu i pin e l it  t h a t  w i l l
achieve shocks in t h i s  t anqe c a n n o t  sust a in the I e ’vc I s
anywhere’ tn’~: r the’ t ime dura t ion requ i : ed  - A t yp  i Ca I
machine  m a n u f a c t u r e d  by t he Ave’O Corp. with a spec ia l
shock ampl i I i c r  a d a p ter  kit , ~‘.tn generate a 10 , 000—q
saw tooth pulse  but with : a pulse durat ion of only  0. 10
milliseconds. This t ime duration is 1/30 of the :e ’-
quirement , but  could ne’rve ,:s a convenient go n e— g o t e ’St

‘8-.
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~~ SECTION V

CRITICAL SUBASSEMBLY TESTS

13. INTRODUCTION

The purpose of this portion of the e f f o rt was to genera te
data that aid in designing a production model of the KARS and to
show that the performance and environmental requirements could be
met.  Six tests were specified :

Thermal Storage Survival

Shock Survival
Performance In V ibra tion
Performance During Shock

Calibrated Input (Scale Factor)

Evaluation of a Push Pull Electrode Configuration

Many other tests were also performed .

14. DISCUSSION OF SPECIFIED TESTS

14.1 Thermal Storage Survival - This test was intended to
be performed on a su[assembly that  w~ dTd demonstrate the ability of
a porous metal foil to act as a very stiff bellows when submerged
in mercury . The basic pr inc ip le  is that the surface tension of
mercury which is very high prevents it from being pushed into the
capillaries in the porous metal.

The pressure , P , required to push mercury into a hole of
rad ius , y ,  against its surface tension 0 acting at a contact angle

~:‘ is

p ( ~~~~~~ = 2n y c cos ~ ‘

or p = 
2s cosq

‘I
,

For holes of the order of 1 micron in diameter the pressure \P
is in the order of 150 psi. Porous metals are commercially available
with pore sizes in the micron range. The total void volume of such I
materials is 30%.

Assuming : 0.94 cubic inches of mercury , a differential e ’X--

pans ion of 15 0 ppm/c ° and a maximum temperature swing of 55°C we get
a change in volume of 7.7 x i~~~

3 inch 3. This is equivalent to the
void volume in 25 x i ø 3  inch 3 of the porous material.

29
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An experiment was run to verify the validity of this approach.
A 4 16 stainless steel container with a volume of 0 . 9 4  inch cubed was
filled with mercury and sealed . It was instrumented with a pres su re

- - transducer , then it was heated . Pressure vs. temperature was re-
corded .

The test was repeated with a significant volume of porous
metal included . No change in the pressure vs. temperature curve
was noted . The problem appears to have been that the void volume in
the porous metal was much smaller than the design value. In other
words, we were unable to drive the mercury into t he voids that did
not lie on the immediate surface.

These tests did lead to the approach currentl y being used . I t
was noted that the pressure rise in the container was much smaller
than predicted with or without the porous metal. This was traced to
tile compliance of the “0-Ring ” seal.

14.2 Shock Tests — 10 ,000—g shocks are not achievable in
commercially available test equipment with time duration required .
The only way to achieve that level is in an a ir g u n  or cannon .

Singer Kearfott has in its environmental test lab an AVCO
Model SM-005-3 Shock Test Machine. The maximum capability of this
machine is 2200 g ’s with aO.25 millisec duration .

One of five venturi configurations (a 4/1 model , the ratio
of which refers to the increase in local velocity , V , by an area
reduction at pickoff electrode plane) was potted with its elec-
tronics in an aluminum shell with General Electric RTV 634. A
reference scale factor measurement was made and the unit subjected
to the shock testing. A series of five shocks were inputted
starting at 600 g’s (0.7 millisec duration) and ending at 2200 g ’s
(0.2 millisec duration). No visible damage was observed and when
the scale factor was checked no change was observed or shift in
the bias level.

The last 2200 g shock test was repeated for a total of six
shock tests and during this test the output from the KARS was moni-
tored . Figure 7 shows two photos of the traces recorded on a fast
writing memo scope. Figure 7a shows the pul se shape of the shock
input wh ile Figure 7b shows two traces, the upper being the output
from the KARS and the lower being the pulse shape at an uncalibrated
scale setting and only used as a time reference . As the trace in-
dicates an input was sensed by the KARS and an output generated .
This output is felt at this time to be due to the drop test table
motion as impact which is common with this type of machine . A more
sophisticated test with an optical d isplacemen t sensor would have
to be performed if this turns out to be a problem .

14.3 Temperature Tests — The 4/1 potted unit was subjected
to a limited thermal cycle. The reason for the limit is that this
un it does not contain any therma l compensa tion mechan ism to a l l ow
operation over the entire thermal range. A temperature cycle of
80°F to 50°F to 0°F to 80°F was used w i th  a 20 m m .  soak at each

30
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temperature . The D.C. bias voltage was monitored during the testing
and a maximum deviation of —10 millivolts was observed at 0°F. This
cycle was repeated twice. The unit was then heated in 10 ° F step s to
100°F w i th  a s imilar  soak time and deviation in the bias level was
observed . Under a l l  conditions the in i t i a l  zero bias level repeated .
After the thermal soak tests were completed tile un i t s  scale factor
was checked to the initial reference value and good agreement was
obtained .

14.4 V ibration Tests - The 4/1 potted KARS unit was subjected
to th e MIL Std 8108 transporation spec Figure 514-6 Curve AB and sur-
vived . Scale factor testing pre and post testing showed good agree-
ment. To obtain some insight into the behavior at higher frequencies ,
sine sweeps starting at lg and going up to 5 g ’s at 20-2000 Hz were
made. During the final 5g run the KARS output was monitored and
showed a resonance peak at 1400/1500 Hz equivalent to 13.5°/sec showed
no e f f e c t  of the resonance on performance.  As su rv ivab i l i t y  was of
major importance no work was done to identify the source or eliminate
by isolation the resonance observed .

In conclusion all of the scale factor data was plotted on one
curve and appears as Figure 8 in this section. As the plot shows
the’ scale factor is 2.23 MV/°/sec and no apprecialbe change due to
the environmental tests previously discussed .

14.5 Calibrated Input — Scale factor testing was performed
• using a Genisco Model 1300—5 Rate Table with an auxiliary input

option. With this option variable dynamic rates at various fre-
quencies could be used as control inputs to the KARS . The rate
table is equiped with a tach generator so that actual input rates
and frequencies can be measured . Table 2 shows a typical test log
indicating the rates and frequencies used as a basis for determining
the KARS scale factor. The maximum rate at the given frequencies

- 4  represent the linear response limit set by the manufacturer.

Five different venturi configurations were designed , built
and tested . These are referred to as 1/1 , 2/1 , 4/1 , 8/1 and 16/1
models. (The ratio refers to the increase in local velocity , V
by an area reduction , at pickoff electrode plane.) Figure 9 is a
plot of scale factor vs. velocity ratio which represents a summary
of all the data recorded . As expected the scale factor increased
with an increase in velocity,V. The low frequency corner response
was also evaluated by utilizing the tach output and the sensor output
in a Lissajous pattern and these data are summarized in Figure 10.
The spec if ication requirement of 1 Hz for thi s corner determines the
maximum velocity and then from Figure 6 the associated scale factor
for this configuration. Under these conditions the optimum velocity
ratio would be 12/1 and the scale factor would be 2.83 MV/deg/sec .
(based solely on velocity improvement). This scale factor represents
a 9/1 improvement in the original engineering model.

:2
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Table 2. Typical Test Log
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O TEST # 1 OR I G I N A L  REFERENCE

O TEST #2 VIBRATION TRANSPORTAT I ON

a TEST #3 VIBRATI ON 5G ’ s 20—2000 Hz

v TEST #4 THERMA L CYCLE 80/0 ‘80°F

H +

SHOCK 2200g ’s
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I Figure 8. Environmenta~ f fec t s  — KARS Output Vs Input Rate
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4
Additional scale factor information has been obtained using

the 8/1 model on the Micro g Rate Table i’i the Kearfott Environ-
mental Laboratory . The instrument was v a l u a t e d  ~~er a range t - f
input rates from 0 to 30°/sec with a ~~~e u e n c v  vari atton of 10 te
100 liz , and repeated the e s t a b l i s h e d  scale fa -tor of 2.5 MV’°/sec.
At this time there does not seem to c et s, - y \a~ le limit or change

I in the instrument response at higher r~~ 1 u. nc1es or rates .

14.6 Multiple Pickoff Mode — In t~ u int . rest of incr~ asing
tile scale factor i multiple pickoff scheme was considered . t~ dual
pickoff version was designed and tested . Various con-
nection configurations ~ore tried ,but the one that functioned best
involved connecting thL two outputs in a voltage adding circuit
using one PMI SS725. Under these conditions , a two to one increase
in scale factor was obtained . There was not significant change in
the lower corner frequency response , or in the noise level of the
unit. With respect to tile noise this is explainable as the main
source of noise is generated by the input stages of the processing
amplifier rather than the pickoffs. Concerning the frequency re-
sponse the drag induced by incorporating a second pickoff is small
so there should be no effect. Based on this significant improvement
a four pickoff 1/1 model was designed built and tested . As expected
a four to one increase in scale factor over a sing le pickoff riedo

~.‘is measured . The ultimate extension of this improvement would be
to have a large finite number of pickoffs located in a common mag-

- 

• 
netic field. This improvement in scale factor can simply be obtained

4 by providing the pickoff electrodes and adding one additional re-
sistor per pickoff to the electronic amplifier adding circuit.

Equivalent scale factor increase can be obtained by modif~ in~i
the electronic g u n  by the same ratio which certainly is easier to
do. To determine the advantage of one method over the other noise
measurements wert made of the two approaches. The data obtained are
summarized in the following Table.

Table 3. Additional Pickoff Mode

ELECTRONIC GAIN
MODE

NUMBER OF SCALE FACTOR NOISE ~ GAIN SCALE FACTOR NOISE
PICKOFFS (MV ° s i c)  ( MV) (°/SEC) (MV ,--°/SEC)(MV)(° ’SF:C)

1 1 .83  0.8 0.44 1 1.83 0.8 0.44

.2 3.86 1 0.26 2 3.57 1 0.28

3 5.57 1 0.18 3 5 .57  2 0.36

4 7 . 1 0  0 .8  0 . 1 1  4 7 . 14 3 0 . 4 2

*~~~~ Measurements

i-

~

1 ~
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‘l’lu add i t  I oiia 1 picko If mode has , in each cane , I-lie same
4 nca 1 e I ,ic to i- as t he e lo ot  run  i c ‘~~~i i n  mode . However , t h e  add i—

i on,i  I p i eko [1 mode has a s i gn it i cant advan taqe  ~~fl s i g n a l  to
no ‘e n t . io ; there fore , t lie reso lu t ion  in t In ’ additional p i c k —

1 I f  rn~ )d( ’ i :; improved.

No a})lIreCi abi e clianqe in the noise was obta i tied by
tit - o l ‘p i in ; t h e  absol ut.e value at t h e  ampi if iei q.i in re~ I stors
1’ul ma i t i t a  I n i n g  the same q~-n n .

Al 1. of the noine studies were made w i t ~h a 500 lIz corner
f t eI 1U ei lc’~ filter i n  tile i i In’ (Cond ition A Rcqu i rement ~;

14.7 i~c1at ed Sub ncnib i~~~’rests — it a ~~i~ ’ mag net i c  f l u x
iiit ’~inurement~; w e r e  made vcr~;un q.-q’ t or var iou~ i ~e Sa r n a n i  urn Coh.i It
m,i.;tn’ t and are i nc I uded a~ F i 

(~~tl r~’ n 1 1 and 1 .2 - ‘r h ’  no curv t ’~; were
i i;~’~l to j udqo the i rn caveme n 1 in nca to factor by i n er e a n  i i iq t in ’
rn ,ie lnet to f l u x  when liii ’ qap I i ’ l lnc’ed .  Al l  ol I l ien ’ UI ,1:nli(’—
men t~

; were made w i lb •i Rad I c  Fr e qu e n c y  Laborat  i e~; Mode 1 1 890 q a u n  —

meter in a i  1 wit Ii no r e t u r n  path. fly i i i co l -p o r a t i nq  a r et u r n  p , it  Ii ,
t o ~;t  i n q  i t  .i p a r t  icular qap (0.3 in .), a 4’% to 000 qa~inn  [lux
k ’nu i t.y wcn; rn~’ainIi( ’ 11 —

1 i l ( - o n i ) o r a t  in q  ~;l1aj~e(l po l e i) 1~~c( ’~ (4/1 , i i o ; i  i (’diIct ion) did
n o t  o f t  oct dri n t  ical ly t h e  end co n dlt  io in ;  of a f l u x  d ’n :; i ty  VC~~~i l ~• 11.1 1’ , bu t  d i d  ~ ‘ I t e c t  the H i , i } ’d ’  (~t t I n ’  ~— i i i ve an can In’ ~nn ’i i  fi orn
o ~~ ~ar l u g  1’ i qt i  re 1 1 and 1 1 . ‘1’lI (’~ie me .—tn U lemon I were m•ido I ~I1 0 t I
t h e  nhie if i~~~t ’ t  . u i n pi l ii - rna .TII (’t hat wore Used OU . 1 1 1  t h e  KAl~ - d i  ~~

—

cun~;ed i~~ l i i i  i ’ p ort -

A :;l’ecl i i  ~1i.i l ) ( ’ II cont  iqu r a t  ion was I am i ’ .it e~l , ~~0(’ l i ~iti i e
14 , and I lu _n . ~~~~ meanuromon t made . The ri’nu It 01 the I o~~t .11 ‘ i n —
I’I 1111011 . i u  l i q i i r o  1’~. In I t i e  na r row h a i l  o f  iiiI ’ ii ’n ( (0.1.2” md i in d e i  I
t h e  re i a not i o ’ab I o i IR-le.u ~•’ in I lie I 0110 01 t lit ’ t ’ t it  v~’ • ‘~~ ii It i nq
in a i i . 3% flux lleiiui t y  i m p i - o v e r n e t i t  . i t  t :hie 0. 0 ’ ’i in . • ; . i p .

S
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APPENDIX A

PRELIMINARY SPECIFICATION

A.1 SCOPE

A .1.1 General

This specification establishes the requirements identification ,
manufacture and acceptance of the Kearfott Angular Rate Sensor (KARS),
Part No. K (TDB) herein referred to as (KARS).

A. 2 APPLICABLE DOCUMENTS

The following documents , of the latest issue in effect , form
a part of this specification to the extent specified herein.

Drawings

Kearfott Division

K (TBD) Rate Sensor , Angular
Kearfott

Y (TBD) Schematic Diagram
Wiring

A . 3  REQUIREMENTS

A .3.1 Item Definition

The KARS is a damped angular accelerometer , and comprises a
conductive liquid annulus (mercury) positioned in the gap of a per-
manent magnet. The conductive liquid is held in a disk-shaped in-
sulative housing. Upon application of an angular input to the
housing, the liquid annulus is coerced into motion by viscous forces.
The relative motion of the liquid to the case is sensed by measure-
ment of the potential generated in the liquid as it cuts the li nes
of force of the permanent magnet. The output potential is amplified
to a suitable level by a preamplifier filter assembly.

A.3.1 .1 KARS Orientation - The KARS input axis is defined
in Figure 1 -

A.3 . 1.2  KARS Mounting Plane - The KARS mounting plane is
identified in SKD drawing #K. (TBD)

A . 3 . 2  General Requireme nts

A . 3 . 2 . 1 Definitions - The following document defines
terminology used in this specification : Aerospace Industries Asso-
ciat ion, Standard Accelerometer Terminology, EETC Report
30 June 1965.
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A . 3 . 3  Performance

The performance specified for all parameters of the KARS are
stated as a design goal. An actual performance value, not meeting
the requirements stated , shall not be considered in confl ict with
contractual requirements. The device shall be expected to be use-

- , I able in two distinctly different regimes known as condition A and
condition B. The difference between the two regimes manifests
itself in the sensor as changes in the characteristics of the elec-
tronics package. It is desirable that the KARS electronics be
capable of being set into a configuration appropriate to either mode
with a simple switch setting or moving busses.

- 
I A .3 . 3 . 1  Maximum Input Rate — The KARS shall perform over a

maximum input rate of either 10°/sec for condition A , Or 3000°/sec
required, 30,000°/sec desired for condition B.

A.3.3.2 Resolution - The KARS shall perform with a minimum
resolution of 2% of full  scale.

A 3.3.3 Bandwidth - The KARS shall operate over a bandwidth
of 500 Hz for condition A or 5000 Hz desired and 2000 Hz required
for condition B.

A .3 .3 .4  Gain/Scale Factor - The KARS shall have an output of
5 volts for an input of 1G°/sec for condition A or 5 volts for an
input of 30,000°/sec desired 3000°/sec required for condition B.

A .3 . 3 . 5  Corner Frequency - The KARS shall have a corner fre-
quency less than 1 Hz.

A . 3 . 3 . 6  Rate/Acceleration Contamination - The KARS w il l  have
a small component, at very low frequencies, which is proportional to
angular acceleration instead of rate. The transfer function for the
unit is defined below.

K OCo — 1+tS

Co = Output voltage before electrical gain

K/t = Gain factor

A . 3 .4  Input/Output Requirements 
-

A .3 . 4 . 1  Su~ ply Voltage — The KARS shall require a supply
voltage of ±6V nominal ± 1/2 Volt. Noise ripple shall be less than
.05 VP—P .

A . 3 .4 . 2  Output Signal Level — The KARS shall have art output
level of 5 volts for maximum input .
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A .3.5 Mechanical Requirements

A .3.5.1 Exterior Surfaces - All exterior surfaces shall
withstand the environment herein specified and the handling expected P

in the normal course of operation , test ing , and maintenance without
deterioration which causes non conformance to this specification.

A .3.5.2 Dimensions — The outline , mounting dimensions and
location of the center of gravity shall conform to K.

A .3.5.3 KARS Axis — The input axis and its positive direction
shall be defined by external markings and by reference mounting sur-
face as indicated by Figure 1.

A.3 .5.4 Weight - The weight shall be TBD grams maximum .

A.3.6 Environmental Requirements

The environmental conditions listed in this section are those
I to which the KARS may be subjected during storage , transportation ,

and handling or operation , or both. The KARS shall be designed to
survive these environments and to successfully complete the environ-
mental tests specified in Section 4.

A.3.6.1 Non Operative Environment - The following conditions ,
occur ing separately or in combination may be encountered during
transportation and handling , or storage, or both . The KARS shall
conform to all requirements of 3.3 after exposure to any reasonable
combinations of the specified service conditions.

A.3 .6.1 .1 Temperature and Thermal Radiation - Ambient
temperature may vary from a minimum of —35°C to a maximum of 71°C
under unsheltered ground conditions. Areas exposed to direct sun-
light shall be considered as unsheltered conditions .

A .3.6.1.2 Thermal Shock - —35 °C to 71°C. The heating and
cooling rates of the ambient environment shall be approximately
20°C/sec.

A .3.6 .1.3 Vibration — Per Mu Standard BlOC Method 514
Figure 514.2—6 curve AB for a 9 minute logarithmic cycle.

A.3.6.2 Operative Environment - The following conditions ,
occuring separa te ly ,  or in combination may be encountered during
operation . The KARS shall conform to all the requirements of 3.3
during, unless otherwise specified , and after exposure to any
reasonable combination of the specified service conditions.

A. 3 . 6 . 2 . 1 Mechanical Shock - The KARS shall be capable of
withstanding the shock environment specified of 10 , 000 g peak in a
3.2 mi l l i  sec half  sin.
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A .3.6.2.2 Temperature - The KARS shall be capable of operating
over a temperature range of —29°C to +71°C.

- 
• A.3.6.2.3 Magnetic Fields — The KARS shall be capable of

withstanding magnetic fields of ±TBD gauss without any degradation
of performance.

A .4 QUALITY ASSURANCE

All tests governed by this specification shall be conducted
in accordance with test procedures prepared by the contractor.

A .4.1 Classification of Tests

L The inspection and testing of the KARS shall be classified
as follows.

(1) Acceptance Tests. Acceptance tests are those
performed on KARS ’s submitted for acceptance
under contract.

A.4.2 Acceptance Tests

Acceptance tests shall consist of individua l tests.

A.4 .2.1 Individual Tests — Each KARS shall be subjected to
-

- I the following tests.

( 1 )  ~:xamjnation of Product

~ -~~; Impedance

~~) Scale factor
(4) Input axis misalignmen t

A .4.3 Data Reduction

The data from the KARS shall be reduced using the technique
described in Appendix I.
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